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Abstract 
We studied switchable photovoltaic and photo-diode characteristics of 
Pt/(Bi0.9Sm0.1)(Fe0.97Hf0.03)O3/LaNiO3 (Pt/BSFHO/LNO) heterostructures integrated on Si (100). 
The directions of photocurrent (JSC) and rectification are found to be reversibly switchable after 
applying external poling voltages. In pristine state, metal-ferroelectric-metal capacitor 
Pt/BSFHO/LNO shows JSC ~32 µA/cm
2
 and VOC ~0.04 V, which increase to maximum value of 
JSC ~ 303 (˗206) µA/cm
2
 and VOC ~ ˗0.32 (0.26) V after upward (downward) poling at ±8 V. We 
believe that Schottky barrier modulation by polarization flipping at Pt/BSFHO interface could be 
a main driving force behind switchable photovoltaic and rectifying diode characteristics of 
Pt/BSFHO/LNO heterostructures. 
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        Multiferroics are very promising materials due to their distinct physical properties i.e., 
occurrence of magnetic and ferroelectric ordering simultaneously in single phase and possibility 
to revise one by altering other due to the likely coupling between both ferroic orderings.
1-8
 
BiFeO3 (BFO) is one of the most studied lead free room temperature multiferroic perovskite 
oxide because of its fascinating physical properties; large polarization (90µC/cm
2
), weak 
ferromagnetism, and optical bandgap (~2.67 eV)
9-12
 lies in visible region, make it suitable 
multifunctional material for spintronics, data storage, sensors, and optoelectronic applications.
13-
17  
Recently, the single phase BFO thin films showed promising potential towards ferroelectric 
photovoltaic (Fe˗PV) application due to enhanced room temperature ferroelectricity and small 
optical bandgap.
17-20
 Among other wide bandgap Fe˗PV materials (i.e., BaTiO3, LiNbO3 and 
Pb(Zr,Ti)O3), BFO exhibits large open circuit voltage (VOC), tunable output, and switchable 
photodiode effect 
6, 9-11
. It has been reported that the polarization flipping induced modulation of 
Schottky-like barrier at metal/ferroelectric interface leads switchable PV and diode effect in BFO 
thin film heterostructures. In leaky ferroelectric BFO thin films, the migration of positively 
charged oxygen vacancies under the influence of external applied field dominates over the 
polarization flipping effect to determine switchable PV and diode behavior. This effect of 
oxygen vacancies deteriorates the photovoltaic performances in terms of unstable photocurrent 
transient where photocurrent is found to decrease slowly over multiple cycles.
21
 Moreover, the 
sign of photocurrent could be independent of the polarization direction when the modulation of 
photocurrent induced by oxygen vacancies is large enough to offset that induced by 
polarization.
22
 In BFO films having high concentration of charge defect, it could be quite evasive 
to conclude the role of polarization flipping and/or oxygen vacancies on switchable PV response. 
To study the sole impact of polarization flipping on the PV properties, one has to be taking care 
3 
 
of the secondary phases and charge defects in BFO films. Therefore, we are co-substituting BFO 
with isovalent Sm ions (at Bi-site) to reduce the stereochemical activity of 6s
2
 lone pair 
imbalance of Bi-ion, and aliovalent Hf ions (at Fe-site) to suppress the charged defects and 
improve the ferroelectric behavior of single phase doped-BFO thin films.
23-25
 
        In this paper, we report the switchable photo-diode and Fe˗PV effect in co-substituted 
(Bi0.9Sm0.1)(Fe0.97Hf0.03)O3 (BSFHO) ferroelectric thin films obtained by constituting BFO. 
Highly (100)-oriented BSFHO thin films with the thickness of ~320 nm were deposited on 
LaNiO3 (LNO)-buffered Si (100) substrate using pulsed laser deposition (PLD) technique. The 
deposition chamber was evacuated to a base pressure of ~10
-6
 torr prior to the deposition of ~ 
100 nm thick LNO films on the Si (100) substrate at the fixed temperature of 700 °C and in 
oxygen ambient at a partial pressure of ~110 mTorr. Si-substrates were immersed in 2% HF: 
H2O solution for 30 seconds to remove the native oxide before loading to PLD chamber for LNO 
deposition. In the second step of deposition, the BSFHO films of thickness ~320 nm were 
deposited on LNO covered Si (100) substrates at the fixed temperature of 690 °C and at an 
oxygen partial pressure of ~80 mTorr. After deposition, films were cooled to room temperature 
at 10 °C/min in oxygen partial pressure of 150 mTorr. With the same set of deposition 
parameters, BSFHO thin films (~ 300 nm) were also deposited on optical-grade (two side 
polished) quartz (001) crystals for optical measurements. To fabricate metal-insulator-metal 
(MIM) capacitor structure, square Pt-top electrodes of thickness ~70 nm were deposited at room 
temperature by dc-magnetron sputtering technique through a metal shadow mask with a square 
area of 80 x 80 µm
2
. Crystalline structure was studied using X-ray diffraction (XRD) technique 
(Rigaku D/Max Ultima III with a CuKα source of wavelength λ=1.5405 Ao) operated at a scan 
rate of 0.5
0
/min over the angular range (2θ) of 20-80°. Ferroelectric domains switching in 
BSFHO films were analyzed using piezoresponse force microscopy (PFM). Macrosocpic 
ferroelectric properties were characterized using RT6000 loop tester (Radiant Technologies). 
Photovoltaic measurements were performed using Keithley-2401 electrometer under 1 sun AM 
1.5 solar simulator with light source density ~ 1kW/m
2
. 
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Figure 1. (a)-(c) XRD patterns of Si (100) substrate, LNO/Si, and BSFHO/LNO/Si 
heterostructures, respectively. Inset shows the zooming view of (100) peaks of BSFHO and 
LNO. (d) Optical transmittance of BSFHO film deposited on quartz substrate. Inset is the        
vs    plot with a linear extrapolation to zero. (e) Room temperature P-E loops of 
Pt/BSHFO/LNO capacitor at different applied voltages and at f = 1 kHz. 
        Figures 1(a)-(c) show the room temperature X-ray diffraction patterns of Si (100) substrate, 
LNO/Si, and BSFHO/LNO/Si heterostructures, respectively. Highly (100)-oriented growth of 
BSFHO film that appears to be single phase, is confirmed from XRD pattern, as shown in Fig. 1 
(c). The (100) diffraction peak of BSFHO film is found to be slightly shifted towards higher 
angle than expected (    22.45) for pure BFO crystal [inset of Fig. 1(c)], implying that our 
BSFHO film is weakly strained. For the optical band gap measurement of BSFHO thin film, UV-
Visible transmittance spectrum was recorded between 1100 to 190 nm wavelength range, as 
shown in Fig. 1(d). The direct band gap calculation of the BSFHO films is done by a linear 
extrapolation of        versus    plot to zero [inset of Fig. 1(d)]. The band gap (Eg) of the 
BSFHO film was found to be ~2.62 eV, lower than the reported Eg of ~2.67 eV for pure BFO 
films,
 9-11
 suggesting that BSFHO films can absorb more incident photon energy in the visible 
region. Figure 1(e) shows the ferroelectric polarization versus electric field (P-E) hysteresis 
loops of the metal-ferroelectric-metal (M–F–M) capacitor Pt/BSHFO/LNO, measured at 1 kHz 
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and room temperature under different applied electric voltages. We observed that at low applied 
electric fields, depolarization factor significantly reduce the effective field. Above an applied 
electric field of ~100 kV/cm, the poling behavior becomes perceptible as manifested by increase 
in remnant polarization with applied field. We observed well saturated P-E hysteresis loop with a 
maximum remnant polarization of ~46 μC/cm2 at an applied electric field of ~160 kV/cm. 
Rectangular P-E hysteresis loop indicates significantly low leakage current through the BSFHO 
films. It has been reported that the LNO buffer layer can also help to improve the ferroelectricity 
in BFO films by effectively eliminate the interfacial defects.
26, 27
  
 
Figure 2. (a) J˗V characteristics of virgin and poled Pt/BSFHO/LNO films under light 
illumination. Inset shows an enlarged view confirming the effect of poling voltages on 
photovoltaic characteristics. (b) Rectifying J˗V characteristics at different poling voltages 
indicating forward/reverse photo-diode characteristics under light illumination. (c) Closed cycle 
J˗V characteristics measured after poling at different positive voltages in dark, confirming 
ferroelectric resistive switching in Pt/BSFHO/LNO capacitor.  
        To measure the Fe˗PV effect of M–F–M capacitor Pt/BSHFO/LNO, the current density–
voltage (J˗V) characteristics were obtained under dark and white light illumination by applying 
electric poling of different bias voltages of ±4, ±6, and ±8 V, as can be seen from Fig. 2(a). Both 
direction as well as magnitude of poling voltages have been observed to give significant 
contribution to the photovoltaic nature of BSFHO films. Herein, applying a negative (positive) 
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voltage on the top Pt-electrode is defined as upward (downward) poling. Under light 
illumination, the J–V curves show increase in photo-current density both in upward polarization 
states (UPS) and downward polarization states (DPS) along with appreciable JSC and VOC values 
[inset of Fig. 2(a)]. We observed switchable PV effect in BSFHO films where both short circuit 
current density (JSC) and open circuit voltage (VOC) were found to switch their direction 
accompanying polarization flipping/switching. JSC direction was found to be always opposite to 
the polarization direction.  
Table 1. Photovoltaic performance parameters from J˗V data measured on Pt/BSFHO/LNO 
capacitor at different poling voltages. 
Poling Voltage VOC (V) JSC (μA/cm
2
) 
Unpoled  (+)0.05 (˗)35 
(+)4 V  (+)0.06 (˗)60 
       (˗)4 V  (˗)0.11    (+)102 
(+)6 V   (+)0.21   (˗)180 
       (˗)6 V   (˗)0.25    (+)212 
(+)8 V  (+)0.27   (˗)222 
       (˗)8V  (˗)0.32    (+)308 
 
 Table 1 shows the values of JSC and VOC at different poling voltages: at ±8 poling 
voltage, JSC ~ ˗205 (310) µA/cm
2
 and VOC ~ 0.26 (˗0.32) V were observed with downward 
(upward) polarization, which is almost ten times of JSC of unpoled sample. The improved 
photovoltaic properties due to electric poling indicate the intrinsic photovoltaic effect in BSFHO 
films where switchable photoresponse can be explained by the polarization flipping. From J˗V 
characteristics, it is important to notice that a diode-like rectification effect accompanying 
switching of the rectification direction can be observed while poling the BSFHO film at the 
applied voltages of ≥ ±4 V. Re-plotting the J˗V data in Fig. 2(b) , the curves by the solid circles 
(upward poling) show an obvious diode-like rectification in forward bias direction, and the 
curves by the open circles (downward poling) indicate a reverse bias direction, under light 
illumination. However, the I-V curves in Fig. 2 (b) are slightly deviating from ideal diode 
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behavior where reverse current is no longer saturated. This behavior can be modeled as an ideal 
diode in parallel/series with a fixed resistor component. In addition, we observed ferroelectric 
resistive switching in poled BSFHO films in absence of light illumination. As shown in Fig. 2(c), 
the closed cycle J˗V characteristics of Pt/BSFHO/LNO capacitor were carried out after applying 
electrical poling of positive voltages. No resistance switching was observed in the J˗V curve in 
case of unpoled BSFHO films. Whereas, a clear resistance switching can be observed in terms of 
J˗V hysteresis after applying poling voltages of ≥ +4 V, revealing relation between current 
hysteresis and ferroelectric polarization. Switchable PV behaviour are further confirmed by 
temporal dependence of JSC and VOC with several cycles (duration 20 seconds) of light on and off 
under the same poling conditions, as shown in Fig. 3 (a)-(h). Both JSC and VOC showed 
switchable photoresponse depending on the polarization direction, with good retention and 
stability over time.  
 
Figure 3.  Time dependent photocurrent (JSC) and photovoltage (VOC) of virgin and poled 
Pt/BSFHO/LNO capacitors at different poling voltages with light on and off cycles of 20 seconds 
duration. 
To justify the role of polarization flipping on switchable photoresponse in BSFHO films, we 
carried out PFM measurements under different applied electric bias voltages. As can be seen 
from Fig. 4 (a)-(c), the polarization switching can be observed from the piezoelectric phase 
imaging after applying different bias voltages. It can be noticed that a clear polarization 
switching starts to appear at bias voltages of ≥ ±4 V and becomes more obvious at ±6 and ±8 V. 
The polarization switching is further confirmed by the phase hysteresis loops in Fig.  4(b) and (c) 
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for the bias voltage of ±8 V, where the measured loop show ferroelectric characteristics in terms 
of butterfly amplitude loops and nearly 180° phase change when the amplitude is at a minimum. 
Asymmetric behavior of PFM loops can be attributed to the different work functions of 
top/bottom electrodes.
28, 29
 We believe that there can be a dominant contribution of ferroelectric 
polarization compared to oxygen vacancies towards switchable photoreponse and rectification in 
our BSFHO films due to the following facts: i) the rectification as well as photo-current 
directions were found to be highly dependent on the ferroelectric polarization direction, and ii) 
no photocurrent degradation was observed when the time dependence of JSC and VOC were 
measured after applying different poling voltages.
30
 Therefore, polarization flipping could be the 
main driving force for the observed switchable PV and diode effect in Pt/BSFHO/LNO 
heterostructures.        
 
Figure 4.  Out of plane PFM images of Pt/BSFHO/LNO capacitors at different applied electric 
voltages: (a) ±4 V, (b) ±6 V, and (c) ±8V. PFM (a) amplitude and (e) phase hysteresis loops. (f) 
Schematic representation of energy band diagram of Pt/BSFHO/LNO heterostructure at 
equilibrium. Band-bending at Pt/BSFHO interface in (g) upward polarization state and (h) 
downward polarization state.  
        In order to understand the effect of polarization flipping on the switchable photovoltaic 
response in BSFHO films, schematic energy band diagrams across the Pt/BSFHO/LNO 
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heterostructure under unpoled and poled (up/down) conditions are represented in Fig. 4 (f)-(h). 
The work function (φ) of LNO and Pt are taken as, φ ~4.5 eV and 5.3 eV, respectively.31, 32 We 
are considering BSFHO as weakly n-doped (φ ~4.6±1 eV and electron affinity ~3.3 eV), because 
complete elimination of oxygen vacancies are not possible in case of perovskite oxide thin films 
grown by PLD. Figure 4(f) shows the band diagram for an ideal metal–semiconductor–metal 
Pt/BSFHO/LNO heterostructure without electric poling. A nearly flat-band can be expected at 
the LNO/BSFHO interface due to the close match between work functions and possible 
screening of ferroelectric polarization by ionic displacement at the interface, which certainly 
quench the band bending effect.
18
 Whereas a Schottky barrier is expected at the 
metal/ferroelectric (Pt/BSFHO) interface. It has been reported that a significant change in the 
band structure near the Pt/BFO interface can be induced by the large polarization charge.
18
 In 
case of upward polarization, upward band bending can be formed at Pt/BSFHO interface 
generating a negative VOC and a positive JSC, as shown in Fig. 4(g). Similarly, poling field along 
the polarization direction, leads unidirectional current as a forward diode. The forward bias of 
rectification is reversed in case of downward polarization [Fig. 4(h)], leading to a positive VOC 
and a negative JSC, and reverse diode behavior.  
        In summary, highly oriented BFSHO/LNO heterostructures were deposited on Si (100) 
using pulsed laser deposition. Under light illumination, ferroelectric capacitor Pt/BFSHO/LNO 
demonstrated improved switchable photovoltaic behavior including polarization modulated 
rectification. Polarity dependent switchable photovoltaics, rectifying diode characteristics, 
ferroelectric resistive switching, and stable photoresponse over time indicated that polarization 
flipping could be a dominant factor over oxygen vacancies contribution to explain the 
mechanism behind the switchable photoresponse and diode rectification in Pt/BFSHO/LNO 
ferroelectric capacitor heterostructures. 
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